ABSTRACT The strap-down inertial navigation system (SINS) is a commonly used sensor for autonomous underground navigation that can be used for shearer positioning under a coal mine. To overcome the performance degradation of the existing initial alignment algorithm based on an inertial frame with strong vibration conditions in underground coal mines, a novel initial alignment compensation strategy based on the dynamic model of the shearer is presented. This strategy mainly compensates for the linear vibration caused by the harsh environment based on the dynamic model of the shearer. Meanwhile, this strategy can effectively estimate the linear velocity of the shearer's fuselage and avoid the error caused by the system disturbance assumption. According to the shearer dynamics model, the linear velocity spectrum of the shearer's fuselage was determined. Then, based on the vibration characteristics, the initial alignment compensation model of the SINS was derived and the initial attitude angle was obtained. The simulation and experimental results show that the proposed compensation strategy can effectively improve the convergence speed and accuracy of the initial alignment and lay a foundation for the unmanned work of the shearer.
I. INTRODUCTION
Coal is of great importance as a form of basic energy and raw material in China [1] . With the development of mining in scale and demand, accidents frequently occur in coal mines. To solve the problems of accidents and casualties and simultaneously realize high automation in underground environments, it is desirable to implement unmanned mining. Moreover, as one of the most important technologies, navigation and localization of the shearer has become the key to mine automation [2] .
Global Positioning System (GPS) can track the position and velocity of the carrier and has been widely used outdoors as a cost-effective and conveniently deployed velocity and positional sensor [3] . Unfortunately, GPS measurements are unavailable for underground applications since
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the GPS signal is blocked in underground coal mines [4] . The SINS is a self-contained navigation system and has received overwhelming attention in the field of consumer electronic productions and military equipment [5] , [6] . Due to its independence, the SINS is suitable for navigating and localizing the shearer in the coal mine environment [7] , [8] . The initial alignment, which is used to determine the initial condition prior to navigation operation, is of vital importance for the SINS, and the performance of the subsequent navigation computation largely relies on the accuracy of the initial attitude matrix. The initial alignment has drawn increasing attention in SINS research [9] - [12] .
The heart of initial alignment is mainly about the determination of the attitude matrix between the body frame and the reference navigation frame [13] . The process of alignment is generally composed of two consecutive phases: coarse alignment and fine alignment [14] , [15] . The goal of coarse alignment, as its name suggests, is to obtain a rough estimation of the attitude matrix within a short time without a priori knowledge of the initial condition [16] . The purpose of the coarse alignment is to estimate the horizontal misalignment angles within one degree, and the heading misalignment angle is limited to a few degrees to obtain linear error models with small misalignment angles. With respect to fine alignment, the Kalman Filter (KF) is usually employed at this stage to estimate attitude and velocity errors, and the misalignment angles can be further reduced. Namely, fine alignment refines the result that originates from coarse alignment [17] , [18] . Because coarse alignment is a fundamental component of fine alignment, high performance of coarse alignment can effectively improve the convergence rate and accuracy of fine alignment.
Conventional coarse alignment is generally based on the relationship of the Earth's rotation rate and local gravity from the output of gyro and accelerometer measurements to determine the attitude matrix, which is named the analytical method [19] , [20] . Unfortunately, gyro measurements are highly susceptible to external disturbances [21] , such as vibrations of the shearer fuselage, which limits their applications in practical situations. In recent years, many studies have been devoted to improving the performance of coarse alignment due to the dynamic errors induced by external disturbances. Papers [22] - [24] propose an ingenious coarse alignment scheme based on the inertial frame for the carrier under swaying or maneuvering conditions. By observing a pure gravity vector of a fixed point on the surface of the Earth from the inertial coordinate frame and applying attitude matrix decomposition to decompose the required attitude matrix into three distinct elements (earth motion, inertial rate and constant initial attitude), the problem determining the attitude matrix is transformed into a continuous attitude determination problem using finite vector observations. Based on the concept of coarse alignment on the inertial frame, Huang et al. [14] proposed a new KF method for the odometer-aided SINS, focusing on improving the dynamic error of the gyroscope. Chang et al. [20] incorporated the concept of backward navigation into coarse alignment of the inertial frame, and the proposed method achieved a more accurate performance within a certain time duration. Zhang et al. [24] proposed an improved coarse alignment algorithm to compensate for the alignment accuracy under the conditions of variable velocity and variable acceleration.
The manual operation of the shearer will be replaced and realize the unmanned fully in the future, the initial alignment of the shearer under the dynamic conditions can simultaneously significantly improve the efficiency of the shearer. Therefore, it is necessary to investigate the initial alignment of the shearer under dynamic environment. However, when the SINS under the self-contained mode without aided by external reference information, the method of coarse alignment based on the inertial frame will assume the linear vibration as the system's inherent disturbances. Actually, when the SINS is applied to the shearer, the shearer cannot be guaranteed to be static due to coal cutting [25] . If the shearer has severe vibrations in the process of coal cutting, the coarse alignment performance based on the inertial system will be significantly degraded. Therefore, there is great demand for a new, accurate and computationally efficient compensation strategy to better compensate for the dynamic errors induced by severe vibrations, which is the main concern of this paper.
The rest of this paper is structured as follows. Section II provides a brief review of the existing coarse alignment scheme based on the inertial frame, and a compensation strategy is elaborately designed for coarse alignment based on the inertial frame. In Section III, the dynamic model of the shearer based on force characteristic analysis is presented. In Section IV, simulations and field experiments are designed to verify the effectiveness of the proposed compensation strategy. Concluding remarks are provides in Section V.
II. GUIDELINES FOR MANUSCRIPT PREPARATION A. DEFINITION OF THE COORDINATE FRAMES
The coordinate frames used in this paper are defined as follows.
a) Earth-centered initially fixed orthogonal reference frame (i-frame): The ox i -axis is in the equatorial plane and points to the vernal equinox, the oz i -axis points to the earth's rotational direction, and the third axis constitutes the right hand coordinate system. b) Earth-centered Earth-fixed orthogonal reference frame (e-frame):
The ox e -axis points to the central meridian in the equatorial plane, the oz e -axis points to the earth's rotational direction, and the third axis constitutes the right hand coordinate system. c) Navigation coordinate frame (n-frame): The orthogonal reference frame is aligned with the East-North-Up geodetic axes. d) Carrier coordinate frame (b-frame): The orthogonal reference frame is aligned with the IMU axes. e) Carrier coordinate frame at the initial time (i b -frame):
The non-rotating orthogonal reference frame is relative to the i-frame, which is formed by fixing the b-frame at the start up in the inertial space. f) Navigation coordinate frame at the initial time (i n -frame): The non-rotating orthogonal reference frame is relative to the i-frame, which is formed by fixing the e-frame at the start up in the inertial space.
B. INITIAL ALIGNMENT ALGORITHM BASED ON THE INERTIAL REFERENCE FRAME
Due to the rotation of the Earth, for a fixed point on the surface of the Earth, the direction of its pure gravity vector will gradually form a conical surface over time in the inertial coordinate frame, which is shown in Fig. 1 . Then, the horizontal and azimuth information can be determined by observing the change in the direction of the gravity. The SINS specific force equation expressed in the navigation frame is given bẏ
T (4) where v n is the velocity of carrier in the navigation frame, ω n ie is the Earth's rotation rate, ω n en is the angular rate of the navigation frame, f n sf is the specific force measured by an accelerometer in the navigation frame, ω n in is the angular rate of the navigation frame with respect to the inertial frame in the navigation frame, and g n is the gravity vector in the navigation frame.
Through derivation calculus applied to the equation v n (t) = C n b (t)v b (t) and combining it with the equatioṅ
, the specific force equation can be rewritten aṡ
Premultiplying both sides of (5) by
To suppress the severe noise and in-motion disturbances inherent in accelerometers, by integrating both sides of (6) over [0, t], one can obtain
where
can be determined through several methods, which mainly include the three-axis attitude determination-based (TRIAD) method and optimization-based alignment (OBA) method [26] , [27] .
The TRIAD method mainly depends on dual vector information. If u(t) and v(t) can be obtained at two distinct moments, then the solution for C i n i b can be described as
where t 1 and t 2 are two distinct moments. Generally speaking, t 1 and t 2 are typically chosen as the central moment and last moment, respectively.
The OBA method relies on all vector information. When the Wahba loss equation obtains the minimum value, the minimum value corresponds with the optimal initial attitude matrix C i n i b
. The formula of the Wahba loss equation is
The methods that minimize the Wahba loss equation include the singular value decomposition algorithm [28] , Fast optimal matrix algorithm [29] , Euler-q method [30] , and so on.
C. A COMPENSATION STRATEGY FOR THE INITIAL ALIGNMENT BASED ON THE INERTIAL FRAME
Considering that the Earth's rotation rate ω b ie is negligible with respect to the shearer's body angular velocity, (8) can be rewritten as (12) where the first integral (13) Substituting (13) into (12) gives
Next, we approximate the integrals involved in the vector observations u i b (t) and v i n (t) through discretization, which is shown as By substituting (15) into (14), the discretization formula of u i b (t) can be represented as
The discretization formula of v i n (t) can be obtained by the same method, and the result is shown as
In the common sloshing and disturbing environment, the ratio of gravity acceleration with respect to the sloshing linear velocity is generally far more than that of the earth's rotational angular velocity with respect to the sloshing angular velocity. The traditional initial alignment based on the inertial frame method at the stationary base usually ignores the velocity v b (t) of the ground. Such cases have an impact on the alignment accuracy, but the impact is not especially significant. However, due to the severe vibration that leads to a violent linear velocity during coal cutting of the shearer, the performance of the traditional initial alignment algorithm will be dramatically degraded.
If there is no method available to measure these linear vibrations for the shearer, the alignment algorithm assumes that the shearer is stationary and linear vibration will be treated as a system disturbance. At this time, the traditional initial alignment based on the inertial frame is not suitable for the case of the shearer at the face in coal cutting. To address this issue, Fourier expansion was applied to the shearer fuselage linear velocity and the velocity was expanded into a series of constants and sine-waves, which can be shown as
Substituting (18) into (16) gives
Assuming that the expression of the shearer fuselage's linear velocity in the frequency domain can be acquired, the optimum initial attitude can be determined by utilizing Eq. (19) and combining it with the OBA method. Meanwhile, the effects of the linear velocity of the shearer fuselage induced by the vibration on the initial alignment accuracy can also be corrected.
The crucial point to the solution depends on how to obtain the shearer fuselage's linear velocity in the frequency domain when the shearer cuts the coal wall. Fortunately, the dynamic model of the shearer can be constructed to obtain the linear velocity of the fuselage when cutting the coal wall. Furthermore, the linear velocity of the shearer's fuselage can be estimated by solving the nonlinear kinetic equations of the shearer. Meanwhile, by combining Eq. (6) and the OBA method, the accurate initial attitude can be effectively derived.
III. DYNAMIC MODEL OF THE SHEARER
As shown in Fig. 2 , a drum shearer is large-scale fully mechanized mining equipment, and its main functions are to drop coal and transport coal. The drum shearer is mainly composed of a cutting unit, an electric haulage unit, a travel unit and so on. The hydraulic cylinder is controlled by an electrohydraulic servo system to adjust the amount of expansion and contraction of the hydraulic cylinder so that the rocker arm can be adjusted upward. The cutting drum drives the cutter, which is mounted on the drum, to cut coal, and coal is loaded into the scraper conveyor to realize its falling and transportation [31] , [32] .
The drum shearer suffers from a complicated impact when cutting the coal wall. The main factors that cause drum shearer vibration are the fluctuation of the load, irregular motion of the shearer drum, and self-vibration caused by the broken coal. Strenuous vibration has a significant effect on the life and performance of the shearer and even generates a strong linear vibration, which will degrade the reliability of the initial alignment. Therefore, it is imperative to investigate the dynamic model of the shearer.
A. FORCE CHARACTERISTIC ANALYSIS OF THE DRUM
The spiral drum is one of the major components of the drum shearer, and its motion characteristics have a dominating effect on the dynamic characteristics of the shearer. Section III analyses and investigates the dynamic model of the shearer when the spiral drum is rotating and rocker arm is at a designated height. At this time, the drum bears most of the external forces. As mentioned above, analysis of the characteristic force of the shearer is important for the dynamic model of the shearer.
During the working process of the spiral drum, due to the irregular changes in the physical and mechanical properties of the coal seam and uneven distribution of the cutter teeth, the magnitude of the load and operating point of the shearer vary randomly, and the load in the process of drum cutting is caused by the combined action of all of the cutting picks. At a certain moment, the force of the spiral drum is shown in Fig. 3 . The numbers of the front and rear spiral drum cutting the coal wall at the same time are N 1 and N 2 , respectively. In Fig. 3 
B. DYNAMIC MODEL OF SHEARER
To solve the dynamic model of the shearer as conveniently as possible, some components for the shearer must be simplified, and assumptions are made as follows:
a) The drum shearer works normally without any malfunction; b) The distributions in the mass of the drum and fuselage are recognized to be even by ignoring their elasticity and are simplified as the lumped mass; c) The sliding boots are considered to be a pair of massless spring elements, which are connected by the spring damping between the fuselage and floor; d) The rocker arm is simplified as a rigid and flexible beam, and the height-adjusting hydraulic system can be considered to be spring-damping system. Because the load on the spiral drum meets the law of simple harmonic motion during the working process of the spiral drum, the external loads are considered to be the harmonic force with frequencies ω a , ω b , and ω c , respectively.
Based on the structural characteristics of the shearer, the mass block method is employed to simplify the shearer into a fuselage, a front and rear rocker arm, a front and rear drum, a high hydraulic cylinder and sliding boots, as shown in Fig. 4 .
In Figure 4 beams, l 2 and l 4 are the length of massless rigid beam. c 3 and k 3 represent the damping and stiffness of hydraulic cylinder, respectively. c 1 and k 1 represent the damping and stiffness of sliding shoes, respectively. w and w are perpendicular to the front and rear rocker arms, respectively, which are the vibration directions of the rocker arms. The vibration displacements of the front and rear rollers in the w and w directions are w 1 and w 5 , respectively. The vibration displacements of the front and rear rocker arms in the w and w direction are w 2 and w 4 , respectively. The displacement of the shearer machine body in the z-axis direction is z 3 . Therefore, we can obtain the kinetic energy function, potential energy function and escape function of the whole drum shearer, which are shown as
where x h denotes the displacement of the adjustment height oil vat in the front of the coal shearer. According to the relationship in geometry, the calculation formula is
x h denotes the displacement of the adjusted height of the oil vat in rear of a coal shearer, whose calculation formula can be represented as
The established model of the shearer in the Z direction can be reduced to a six degrees of freedom system, and w 1 , w 2 , z 3 , w 4 , and w 5 are used as the generalized coordinates. By substituting the kinetic energy function, potential energy function and escape function into Lagrange equation, the dynamic model of the shearer in the Z direction can be obtained as (25) , shown at the bottom of this page. The matrix form for (25) is
where q = [w 1 w 2 z 3 w 4 w 5 ] , M z is the mass matrix in the Z direction, C z is the damping matrix in the Z direction, K z is the stiffness matrix in the Z direction, and Q z is the generalized force in the Z direction.
C. SOLUTION TO THE DYNAMIC MODEL OF THE SHEARER
To obtain the vibration form when the shearer is cutting the coal wall, it is necessary to solve the nonlinear kinematics differential equations of the shearer dynamic model. It is difficult to find the analytical solution of the shearer dynamic model since the generalized force is a time-varying function. Therefore, the reduced-order method has been adopted to address this issue. We replace the 5 second-order differential equations with 10 first-order differential equations and independent variable and velocity as the dependent variable, is obtained, which is shown in Fig. 6 . The response curve of FFT shows that the vibration signal of the shearer is composed of multiple frequency components. As observed from the Fig. 6 , the frequency of the velocity signal of the shearer is mainly concentrated from 0 Hz ∼ 10 Hz. To improve the performance of the initial alignment, the important frequency in the shearer velocity amplitude frequency diagram is chosen to be equivalent to the shearer fuselage velocity. The equivalent form in the Z direction is
Based on the velocity of the shearer fuselage obtained from the shearer dynamic mode, and combined with the initial alignment equation of the inertial frame, one can obtain a much better initial attitude matrix.
The vibration waveforms of the shearer fuselage in the X direction and Y direction can also be achieved by these aforementioned methods. Given that the dynamic models of the shearer in the X and Y directions are similar to that in the Z direction. With this consideration, the calculation procedure of the vibration waveforms in the X direction and Y direction can be omitted.
IV. SIMULATION AND EXPERIMENTAL

A. INITIAL ALIGNMENT SIMULATION
In this subsection, the in-motion model with severe vibrations is built to verify the compensation effect of the proposed method in the initial alignment, the determination of the sloshing angle in this simulation relies on the working condition of the shearer. The shearer is driven by the meshing effect between the driving wheel in the traction part and the pin rails arranged in the chutes, this constraint makes the sloshing amplitude of the heading angle is not a larger angle. Therefore, the heading angle ψ, pitch angle θ, and roll angle γ of the shearer are set as
where A ψ , A θ , and A γ are the amplitudes, which are set as 0.8 • , 2.1 • , and 1.7 • , respectively. f ψ , f θ and f γ denote the sloshing frequencies of the shearer, which are set as 10 Hz, 8 Hz, and 7 Hz, respectively. η ψ , η θ and η γ represent the initial phases and they are random values in the range from the 0 radian to the 2π radian. ψ 0 , θ 0 , and γ 0 are the initial attitude angles. θ 0 and γ 0 are random values in the range from 0 • to 2.5 • , and ψ 0 is a random value in the range from 0 • to 180 • . The linear velocity of the shearer fuselage can be constructed by the linear velocity spectrum in Section 3, which can be shown as (29) where A i represents the amplitude of the linear velocity in the frequency domains and W i represents the amplitude of the linear velocity perturbation in the frequency domains. The amplitude and frequency of the equation (29) in this simulation are selected from the dynamic model of the shearer established by the Section III. The important frequency in shearer velocity amplitude frequency diagram is chosen to equival the shearer fuselage velocity. The initial parameters of the simulations are shown in Table 1 .
The first simulation lasts for approximately 300 s, and the simulation results of the two initial alignment methods are shown in Fig. 7 . For the pitch angle and roll angle, from the perspective of the convergence rate, both the uncompensated initial alignment method and proposed compensation method have equal convergence rates. The errors of the roll angle and pitch angle were all less than 0.2 • after 5 s. However, compared with the uncompensated initial alignment method, the pitch angle and roll angle calculated by the proposed compensation strategy can achieve more accurate results. The difficulty of the coarse alignment lies in the estimation of the heading angle, and the accuracy of the heading angle is one of the most important evaluation indicators for the initial alignment algorithm. As observed from Fig. 7 , the uncompensated initial alignment method has a poor performance with respect to the heading alignment. However, the compensated heading angle is not only more accurate but it also has a faster convergence speed. In the final 100 s of the simulation, the heading error after compensation is within 1 • and the uncompensated heading angle error is approximately 4 times that of the compensated. The simulation results show that the proposed compensation strategy can achieve a more satisfactory performance in the initial alignment.
In order to verify the effectiveness of the proposed compensation strategy under the large sloshing angle, the A ψ , A θ , and A γ are set as 10 • , 10 • , and 10 • , respectively, the simulation time lasts 600 s, and the results are shown in Fig. 8 .
As can be seen from the Fig. 8 , it is straightforward to conclude that the proposed compensation strategy is still superior over the uncompensated one under the large sloshing angle. Therefore, the proposed compensation strategy is suitable for the initial alignment of the shearer under large sloshing angle.
To further demonstrate the superiority and effectiveness of the compensation strategy, 50 coarse alignments trials are performed. The attitude error angles at the end of the coarse alignment are selected as the results to evaluate the performance of the algorithm, and each coarse alignment lasts for 300 s. The attitude errors of the two methods are shown in Table 2 .
As observed from Table 2 , both the roll angle and pitch angle can track the reference attitude very well, and there are no significant differences in the results. However, for the estimation of the heading angle, whether we are addressing the standard deviation or mean value, the accuracy of the compensated heading angle is higher than that of the uncompensated one. Therefore, the compensated coarse alignment algorithm can effectively calculate the value of the shearer's initial attitude matrix.
B. EXPERIMENTAL VERIFICATION
In this section, to illustrate the efficiency and superiority of the proposed method, the experimental data of the coal cutting by the shearer are collected to evaluate the performance of the proposed method. The shearer coal cutting experiment is carried out. As shown in Fig. 9 , the experimental platform consists of the self-made fiber optic SINS, MG150/345-WDK type shearer, navigation computer and power supply. The fiber-optic SINS is composed of threeaxis accelerometers and three-axis gyroscopes. The angular rate and specific force of the shearer body are measured by the self-made fiber optic gyroscope and accelerometer with a 100 Hz sampling frequency.
The fiber-optic SINS is fixedly installed on the shearer. After starting and stabilizing, the shearer first remains static for approximately 600 s, and then, the operator starts the shearer to carry out the 240 s coal cutting experiment. The aforementioned total 840 s of accelerometer data and gyroscope data are saved for post-experiment analysis. During the whole test, the initial alignment on the stationary base is first carried out on the test segment from 0 s-600 s, and then, attitude tracking is carried out by using the 600 s to 900 s data segment. The result of the attitude tracking is shown in Fig. 10 and faithfully reflects the vibration condition when the shearer is cutting coal. As observed from Fig. 10 , the horizontal attitude angle fluctuates from −2 • to 2 • and the azimuth (heading) angle sloshing amplitude is approximately 0.7 • Then, the results of this attitude tracking are taken as the comparison metrics to evaluate the performance of the initial alignment.
The initial alignment errors under the two methods and the statistical feature in the final 40 s are shown in Fig. 11 and Table 3 . The test result is identical to the simulation result. The horizontal attitude errors under both methods converge with time, and the convergence speed rates under the two methods are equivalent. The errors of the roll angle and pitch angle are all less than 0.1 • after 20 s. Furthermore, compared with the uncompensated initial alignment method, the pitch angle and roll angle calculated by the proposed compensation strategy can obtain more accurate results. In addition, from the heading error curve, it is observed that the compensated heading angle not only has a faster alignment rate but also has higher accuracy than the uncompensated one. As observed from the heading angle error curve of the final 40 s, the heading error after compensation reduces to within 1 • , while the uncompensated heading error is approximately 4 • . The corresponding reasons are as follows. The traditional initial alignment based on the inertial frame method at the stationary base ignores the velocity v b (t) of the ground, which inevitably leads to excessive heading errors. Such a large heading error cannot guarantee that the subsequent KF precision alignment error equation is a linear equation. There is slow convergence and vulnerability to divergence if the KF is applied for the error equation. The experimental results show the effectiveness of the initial alignment compensation method based on the dynamic model of the shearer, which can meet the requirements of the precise alignment of the subsequent KF. Therefore, the proposed compensation strategy is more applicable for the rapid initial alignment of the shearer. VOLUME 7, 2019 
V. CONCLUSIONS
This paper investigates the initial alignment for the SINS under the complex environment of the mechanized mining face. Aiming at solving the problems of slow convergence and poor accuracy for the existing initial alignment algorithm under the complex environment of the mechanized mining face, this paper systematically proposes an accurate and computationally efficient inertial frame initial alignment compensation strategy based on the dynamic model of the shearer to better compensate for the dynamic errors induced by the severe vibration. The dynamic model of the shearer is constructed to calculate the linear velocity of the fuselage, and an error compensation model of the initial alignment for the SINS is built. The simulation results and field tests verify that the proposed compensation strategy can obtain a better alignment accuracy and convergence rate than the uncompensated initial alignment method. This new compensation strategy enables a horizontal misalignment angle < 0.1 
